The reproductive cycle of the South African limpet Helcion pruinosus was determined over 19 months for a south-east and south-west coast population. Despite inhabiting shores subjected to different oceanographic conditions, limpets from both populations spawned mainly in summer with early gametogenesis occurring in spring. The gonads of limpets were never completely spent suggesting that they are partial spawners. The gonad index (G.I.) of males was significantly greater than that of females in both populations and the G.I. of south-west coast limpets greater than that of limpets from the southeast coast. The sex ratio of the population on the south-west coast was 1:1 whereas the south-east coast population contained significantly more males.
INTRODUCTION
Many shallow water marine invertebrates are seasonal breeders (Giese, 1959; Kinne, 1963; Clark, 1965; Giese & Pearse, 1974; Grahame & Branch, 1985) with a cycle of gamete production and release. Many South African intertidal molluscs, including limpets, are no exception to this rule (Branch, 1974; Griffiths, 1977; Berry, 1978; Joska & Branch, 1983; Robson, 1986; Lasiak, 1986a Lasiak, ,b, 1987a Gray, 1996; Foster, 1997; Vat, 2000) . In South African limpets the geographic locality appears to influence the timing of gametogenesis and spawning. West coast species spawn mainly once a year in late autumn/early winter (May to June) (Branch, 1974) , while those species of the east and south-east coast spawn twice a year, during summer (November/December) and again in autumn to early winter (April to June) or exhibit protracted spawning (Robson, 1986; Lasiak, 1987c; Jamieson, Hodgson & Bernard, 1991; Gray, 1996; Vat, 2000) .
Most investigations of reproductive seasonality of South African limpets have been confined to populations of one geographic region. Several species however have a broad geographic range (Kilburn & Rippey, 1982; Branch, Griffiths, Branch & Beckley, 1994) . Helcion pruinosus (Krauss, 1848) is one such species being found from Saldanha Bay, on the west coast, to Sodwana Bay, on the east coast of South Africa (Kilburn & Rippey 1982; Branch et al., 1994) . For limpets with broad distributions it is possible that the reproductive seasonality is adjusted to local environmental conditions. The aim of this study, therefore, was to undertake a preliminary comparative investigation on the reproductive seasonality of two populations of H. pruinosus from contrasting geographic regions of South Africa, the cool temperate south-west coast and warm temperate south-east coast.
MATERIALS AND METHODS

Study sites
Helcion pruinosus were sampled from one south-east coast (Gonubie; 32°57ЈS, 28 o 01ЈE) and one south-west coast population (Kommetjie; 34°04ЈS, 18°19ЈE) at the same time each month. These sites were selected as they were both boulder shores and had limpet populations which could sustain destructive sampling.
At Gonubie the mean water temperature ranged between 17°C to 21°C throughout the year with a maximum of 25°C in October 1995 and minimum of 13°C in April 1996. By contrast at Kommetjie the mean water temperature was 13.8°C (highest temperature 18.2°C, February 1995), with the lowest temperatures recorded in summer (10 o C), a result of upwelling (Henninger, 2000) .
At both sites the longest day lengths (maximum 14.2 hours of sunlight) occur in December, whilst the shortest (10 hours) are in June (Henninger, 2000) .
General Procedures
To compare the reproductive seasonality of the south-east coast and south-west coast population, Helcion pruinosus were collected monthly from both sites from October 1994 (PATELLOGASTROPODA) ON TWO SOUTH AFRICAN  BOULDER SHORES until April 1996 (19 months) . At both sites limpets were collected from the lower Balanoid zone where they were most numerous (Henninger, 2000) . Thirty animals were sampled from each site on full moon low spring tides. All limpets from Gonubie were dissected within 24 hr of collection. Animals from Kommetjie were fixed and stored in 4% formal saline before transportation to East London for dissection.
THE REPRODUCTIVE CYCLE OF HELCION PRUINOSUS
Gonad Index
Gonad index (G.I.) of limpets at each site was determined each month from 10 males and 10 females with a shell length of 20-25 mm. These shell lengths were used to eliminate possible size-related variation in the gonad index (Branch, 1974) . Gray (1996) found no significant difference in gonad indices between preserved and un-preserved limpets (H. pectunculus) and it was therefore possible to compare the gonad indices of such animals. To determine gonad indices the body and gonad of each animal was dried (at 60°C) to constant weight and the Gonad Index calculated using the formula of Gonor (1972) .
Gametogenic Cycle
To examine the gametogenic cycle, the gonads of five males and five females per month were prepared for histological sectioning. Animals from Kommetijie were already fixed in formalin. Gonads from Gonubie animals were preserved in aqueous Bouin's for at least 24 hours. Tissues from both sites were then dehydrated in a graded ethanol series and embedded in Paraplast via xylene. Transverse serial sections (5 m thick) were cut on an American Optical microtome, and stained in Haematoxylin and eosin (Humason, 1967) . Some of the ovaries of animals from Kommetjie were brittle and therefore difficult to section (due to storage in 4% formal saline). At the suggestion of Dr. J. Perold (Head Pathologists, Du Buissons & Partners Pathology Laboratories, East London) a depilatory cream ('NoHair', Twin Products) was applied to the exposed embedded tissue prior to sectioning. The cream was applied and left on for approximately 30 minutes, wiped off and the tissue then sectioned. This facilitated sectioning.
Sections were examined and the various stages of gametogenesis recorded. In many gametogenic studies on gastropods, including species from South Africa, five stages of oogenesis are often recognised (e.g. Lasiak, 1986a Lasiak, , 1987a . It was not possible to identify these stages in H. pruinosus with confidence and therefore three categories of oogenesis only were recognized: previtellogenic oocytes (Ͻ120 m diameter); vitellogenic oocytes (121-180 m); mature oocytes (Ͼ 180 m).
In males the thickness of the walls (trabeculae) of the gonad lacunae was used as an indication of the spermatogenic condition, wall thickness decreasing and sperm content increasing with maturity (Gray, 1996; Foster, 1997) . The thickness of the lacunae walls (10 per male) was measured each month of both south-east and south-west coast individuals using a Nikon compound microscope fitted with a Nikon filar optical micrometer eye-piece. The walls of the first 10 lacunae seen were measured for each of the five individuals per month. A monthly mean of the five males could then be determined for each site. Photographs were taken using an Olympus BX50 photomicroscope system.
Oocyte diameters were also measured as a further indication of the state of development of the five females per month. Each individual was examined and the first 50 oocytes which had an approximately centrally placed nucleus, were measured (the centrally placed nucleus was used to indicate whether or not the oocyte was sectioned midway). The results were then pooled to determine a monthly mean.
Sex Ratios
Data for the sex ratio at Gonubie were obtained from animals collected during a study of the density and population structure (Henninger, 2000) , as well as from all animals collected for the reproductive study. The sex ratio for the population at Kommetjie was determined from animals collected for the reproductive study only. After removal of the shell, limpets were sexed macroscopically according to the colour of the gonad. Males had a white to cream coloured gonad, whilst the gonad of females was olive-green. Individuals with a shell length of less than 10 mm could not be sexed as they never possessed a discernible gonad.
Statistical Analyses
All statistics were carried out using Sigmastat version 2.03 (Jandel Scientific). Gonad indices were compared using three-way ANOVA (after arcsin square root transformation to comply with requirements for ANOVA), trabecular wall thickness by ANOVA, and Chi-square was used to analyse the population sex ratios.
RESULTS
Reproductive cycle
Although animals from both sites possessed gonads throughout the period of study (the gonad index was never less than 10%), and variability between individuals was high (Figs. 1,2 ) some annual pattern in the variation of gonad index (G.I.) and gametogenic condition was apparent. The G.I. of males and females varied significantly with a two fold change at Gonubie and a three fold change at Kommetjie (Figs. 1, 2) . Throughout the study males at both sites had a significantly higher G.I. than females (Figs. 1, 2; Table 1 ). Furthermore the G.I. of limpets from Kommetjie were significantly higher than those from Gonubie ( Figs. 1,  2 ; Table 1 ). The maximum G.I. (Figs. 1, 2 ) attained on the south-west coast was 35 and 30% for males and females respectively, but only 25 and 22% for males and females at Gonubie on the south-east coast.
Although the reproductive cycle, in terms of G.I., was more defined in the south-west coast animals, similar trends were observed at both sites. Gonad TONY O. HENNINGER & ALAN N. HODGSON indices generally declined in summer (ϭ November to February), briefly increased in autumn (April/May) and were low again during the winter months until August/September (Figs. 1, 2) . When the GI was low, the testes contained fewer mature sperm and more early spermatogenic stages (as indicated by the increased thickness of the walls of the lacunae- Fig.  5A, B) . Although the ovaries always contained mature and vitellogenic oocytes, pre-and early vitellogenic oocytes (Ͻ 120 m diameter) were present mainly in late winter and spring (Figs. 3,4, 6A) . Early stages of oogenesis were virtually absent throughout the summer months (e.g. Figs. 3, 4, 6B) .
Gonad indices began to increase in August/September (spring) and by October the gonads of both sexes showed signs of late gametogenesis. During this time there was an increase in the number of large vitellogenic eggs in the females (Fig. 6B ) and in the abundance of mature sperm in males, reflected in the significant decrease (ANOVA p ϭ Ͻ0.001 for both REPRODUCTIVE CYCLE OF HELCION populations) in the thickness of the wall of the testicular lacunae (Fig. 5A, B) . By summer the gonads were filled with mature eggs or spematozoa (Fig. 6B) . One month after the G.I. was at a maximum, there was a rapid decrease in G.I., probably as a result of spawning (Figs. 1,2 ). However gonads were never fully spent and both vitellogenic eggs (and spermatozoa) could be observed after the spawning events (Fig. 6C) .
Sex Ratios
At Gonubie there was a significantly greater number of males than females in the population (Table 2 ). In contrast, at Kommetjie there was no significant difference in the number of males and females (Table 2 ). There was a significant difference in the sex ratios between sites (Chi-square with Yates correction 29.67, 1df, p Ͻ0.0001).
DISCUSSION
Although reproduction of one south-east and one south-west coast population of Helcion pruinosus only was studied (i.e. there was no replication within geographic regions), the results suggest that within each site the limpets have a reproductive cycle in which there is a high degree of synchrony between the sexes. In freespawning invertebrates, synchronous spawning must increase the chances of fertilization (Giese, 1959; Creese & Ballantine, 1983; Lasiak, 1987a; Yund 2000) . Spawning synchrony has been correlated to a number of environmental factors including temperature, phases of the moon, photoperiod, food abundance and mechanical stimulation (see Giese & Kanatani, 1987 for review). Most researchers in South Africa have not identified the environmental factors which synchronize and trigger the spawning events of littoral molluscs although Branch (1974) observed that some South African patellids spawned during stormy weather, an exogenous factor thought to trigger gamete release in other molluscs (Orton, Southward & Dodd, 1956; Rao, 1973; Grange, 1976; Catalan & Yamamoto, 1993) . Lasiak (1987a) , however, suggested that vigorous water movement was unlikely to induce spawning in South African east coast molluscs as they are subjected to continuous heavy surf. What environmental cues induce spawning in most South African intertidal molluscs, including H. pruinosus, remains to be determined.
Throughout this study there was high variability in the G.I. Large variation in G.I. has been recorded for other South African mollusc populations (e.g. Joska & Branch, 1983; Lasiak, 1987c; Gray, 1996 , Vat, 2000 , suggesting that some individuals are out of phase with the majority of the population.
Previous studies on reproductive seasonality of South African patellid limpets have indicated that species inhabiting cooler waters have one spawning period a year in winter (Branch, 1974 (Branch, , 1981 whereas some warmer water species exhibit biannual spawning (summer and autumn) (Robson, 1986; Gray, 1996; Vat, 2000) . H. prunosus showed a similar biannual pattern of spawning at both geographic localities studied. The reproductive pattern of H. pruinosus can therefore be described as a warm temperate pattern. Because its reproductive cycle is similar under different oceanographic conditions this invites some speculation about the factors that control reproduction in this species. As the two populations were from similar latitudes (about 33°S) but different climates, photoperiod may be a REPRODUCTIVE CYCLE OF HELCION more important controlling factor than water temperature, although Orton et al. (1956) showed that the reproductive cycle of Patella vulgata was not influenced by latitude. By contrast Lasiak (1987b) found latitudinal variation in reproductive activity of the South African littorinid Nodilittorina (as Littorina) krausii, and photoperiod is suggested to be one of the most important exogenous factors affecting reproductive activities of many marine invertebrates (see Giese & Kanatani, 1987 ). An alternative hypothesis that might explain the warm temperate reproductive pattern displayed by H. pruinosus is that reproductive seasonality is phylogenetically constrained and therefore retained in cooler waters. A similar hypothesis has be proposed to explain reproductive seasonality in deep-sea invertebrates which maintain a cyclical reproductive pattern similar to that of their shallow-water counterparts (Eckelbarger & Watling, 1995) .
Throughout the study no animals were found to be completely spent. This suggests that individual H. pruinosus undergo partial spawning only, a feature now recorded for several warm temperate South African molluscs (Joska & Branch, 1983; Lasiak, 1986a; 1987a,c; 1990) . Whether individual limpets undergo one or several partial spawnings is not known.
Unlike the congeneric species H. pectunculus (Gray, 1996) , H. pruinosus does not change sex. Only one hermaphroditic animal was found amongst the 3190 animals examined in this study and thus it can be concluded that hermaphroditism is a rare event in H. pruinosus. To date only three South African limpets, H. pectunculus (Gray, 1996) , Patella oculus (Branch, 1981) and P. aphanes (Robson, 1986) have been found to change sex. The reason as to why these three species only are protandric hermaphrodites cannot at present be explained especially as within the Patellidae the three are not closely related (Ridgway, Reid, Taylor, Branch & Hodgson, 1999) , nor do they occupy similar habitats on South African shores.
In a number of species of patellid limpet the gonad index is higher in males which are also numerically dominant in many populations (Branch, 1974; Robson, 1986; Lasiak, 1990; Gray, 1996; Vat, 2000) . Males of H. pruinosus also had a significantly higher G.I. than females and at Gonubie, males were more abundant. Male bias and a higher G.I. may be necessary counter sperm dilution and limitation, which can occur in many marine invertebrates (Yund, 1998) . At the southwest coast site, however, the population consisted of equal numbers of males and females. Vat (2000) has also reported variability in the sex ratios of populations Patella granularis. The reason for variability in sex ratios is at present unknown although Pearse & Cameron (1991) have suggested that a deviation from a 1:1 sex ratio in echinoids is a reflection of environmental conditions that influence sex determination.
Finally the G.I. of the south-west coast population was higher than that of the south-east coast. This increased G.I. may be a result of the higher primary productivity on the west coast compared to the east coast (Bustemante et al., 1995) which in turn would allow west coast limpets to channel more energy into gonad production. 
